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A B S T R A C T
Background: It has been said that naturally occurring autopolyploid strains are more tolerant of biotic
and/or abiotic stresses, due at least in part to the higher accumulation of secondary metabolites. Data
supporting this hypothesis come from comparisons between naturally established autopolyploids and
diploids; thus the high accumulation of metabolites in polyploid strains may be a secondarily acquired
feature and not a direct effect of the autopolyploidy. But no detailed studies on this issue have been
carried out.
Results: Here we carried out metabolome analyses between newly created tetraploids and the parent
diploid in a model plant, Arabidopsis thaliana, and the agriculturally important pear fruit tree (Pyrus
communis var. sativa). Our data showed that small numbers of metabolite species differ in amount
between diploids and tetraploids in both species, but the differences were not reproducible among
growth conditions and species.
Conclusions: These results strongly indicate that metabolite content is not universal nor the direct target
of polyploidy-dependent changes. Instead, naturally occurring hyperaccumulation of metabolites in
autopolyploids may be the result of secondary natural selection.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Autopolyploidy has been utilized to improve crops, fruits,
vegetables and medicinal plants [1–3]. This is because polyploi-
dization is believed to be associated with larger stature, prolonged
growth and a higher concentration of metabolites, which has
frequently been discussed as possibly linked to stronger tolerance
to biotic and abiotic stresses [3–6]. Among these characters, larger
stature has been investigated extensively and was conﬁrmed to be
generally associated with autopolyploidy in all examined species
and is also known to be attributable to larger cell size, not only in
plants but also in animals and fungi [7–10]. To determine the* Corresponding author at: Department of Biological Sciences, Graduate School of
Science, The University of Tokyo, Tokyo 113-0033, Japan.
** Corresponding author.
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4.0/).molecular background of this ploidy-dependent cell size enlarge-
ment, transcriptome analyses have been performed for several
model cases, but most failed to detect meaningful differences in
the mRNA proﬁles between diploids and polyploids, with the
exception of a few reports [11]. On the other hand, how much
higher are the concentrations of primary/secondary metabolites in
polyploids compared to diploids is still unclear, and some reports
showed higher concentrations of some metabolites in high ploidy
strains [5,12,13]. This is partly because studies on the effects of
autopolyploidy on metabolites have been carried out on naturally
occurring polyploids that are thought have been under a long
period of natural selection after polyploidization or on horticul-
turally selected cultivars that have been selected artiﬁcially for
better traits.
Studies of the inﬂuence of autopolyploidy have been performed
in the model plant Arabidopsis thaliana (L.) Heynh. (A. thaliana,
hereafter). Many studies have already conﬁrmed that tetraploids
have larger cells and larger organs than diploids (e.g., [10]), bute under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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stature in organs with larger cells due to ‘‘high-ploidy syndrome’’
[14]. Microarray analysis and RNAseq analysis have also been
performed in A. thaliana to determine the molecular mechanisms
of the ploidy-dependency of cell size, but were largely unsuccess-
ful. A report by Yu et al. [15] was most important in revealing that
the difference in the transcriptional proﬁle between tetraploids
and diploids varied signiﬁcantly between two accessions:
Columbia-0 (Col-0) and Landsberg erecta, with no meaningful
overlap.
In contrast to the above analyses of changes in cell size, no
comparative analysis of the amounts of secondary metabolites
among A. thaliana autopolyploids has been performed. As
mentioned above, to determine whether polyploidy is indeed
linked to high accumulation of metabolites, experiments must be
performed in newly induced polyploids rather than naturally
established and/or artiﬁcially selected strains. In this study, we
used A. thaliana tetraploids as the ideal model system to examine
whether polyploidy is associated with changes in metabolites
because it is the best-studied plant species and easily forms
tetraploids [10]. We compared metabolites in rosette leaves
between diploids and tetraploids in the Col-0 accession, grown
under various conditions, to evaluate whether any differences
detected are stable or affected by environmental/physiological
conditions. Furthermore, we compared the A. thaliana data with
data on naturally occurring tetraploids and the diploid parent of
pear to evaluate whether the ploidy-dependent metabolite
changes are common to two species. We dared to compare these
two different species and two different organs, to examine if
changes in metabolites are shared between them. If metabolic
changes are direct results from autopolyploidy, it must be shared
between differed organs, as the increased cell volume shared in
every polyploids. We found only a slight change in the metabolite
content between diploids and tetraploids, indicating that differ-
ences in metabolite concentration in naturally occurring/horticul-
turally selected polyploids are not a direct result of genome
polyploidization, but may be due to selection. Polyploidization
could increase the ability to acquire new traits via genome
rearrangement.
2. Materials and methods
2.1. Tetraploid materials
Tetraploidization of A. thaliana accessions was performed as
described previously [16]. We chose Columbia-0 (Col-0) since this
is the most studied accession. Diploid and tetraploid plants were
maintained at 23 8C or 16 8C under continuous illumination (ca.
60 mmol/s/m2) on rock wool supplied with 0.2 g/L Hyponex
solution as described elsewhere [17]. For metabolome analyses,
diploids (2C) and autotetraploids (4C) of A. thaliana were grown on
soil or agar-solidiﬁed medium. Surface-sterilized seeds were sown
on half-strength Murashige and Skoog medium (Murashige and
Skoog Plant Salt Mixture, Wako Pure Chemical Industries)
containing Murashige and Skoog vitamins (Sigma), 1% sucrose
and 0.5 g/L MES, solidiﬁed with 0.8% agar (pH 5.8) (1/2 MS plate).
Plants were grown under continuous light (CL) or long-day
conditions (16-h light/8-h dark; 16L8D) for 2 or 3 weeks. For soil
culture, 1-week-old plants grown on 1/2 MS plates were
transferred to soil (PRO-MIX (Premier Horticulture, Canada):
vermiculite = 2:1) and grown under 16L8D conditions for 1 or
2 weeks with the nutrient solution described previously as the
control medium [18]. Rosette leaves were harvested, immediately
weighed, frozen in liquid nitrogen and stored at 80 8C.
We also examined naturally occurring tetraploids of pear (Pyrus
communis L. var. sativa (DC.) DC. ‘La France’) reported previously[19,20]. Pear ﬂower buds and fruits were harvested from an
orchard in Yamagata Prefecture, Japan in 2010. The samples were
rapidly transferred from the orchard to the laboratory and
receptacles were cut from ﬂower buds at blooming or from small
fruits 2 weeks after blooming, or fruit ﬂesh was cut from fruits at 1,
2, 3 and 4 months after blooming, at harvesting (5 months after
blooming) and 1 month after harvesting (ripened fruits). The cut
receptacle or fruit ﬂesh was immediately frozen in liquid nitrogen
and stored at 80 8C. The frozen samples were crushed using a
homogenizer and used for metabolomic analysis. We prepared at
least three biological replicates of each sample. Sample extraction
and metabolomic analysis using capillary electrophoresis mass
spectrometry were conducted using a previously described
method [21,22]. Plant hormones in pear fruits were also quantiﬁed
following a previous report [21].
2.2. Widely targeted metabolomics data collection for A. thaliana
Metabolites were extracted from rosette leaves as described
previously [23], Brieﬂy, frozen rosette leaves from A. thaliana
(approx. 5–200-mg fresh weight) were crushed in 80% (v/v)
methanol with 0.1% (v/v) formic acid in a 2-mL microtube with 5-
mm zirconia beads using Shake Master Neo (Biomedical Science)
for 5 min at 1000 rpm. After centrifugation, the supernatant was
subjected to widely targeted metabolome analysis using liquid
chromatography-tandem quadrupole mass spectrometry as de-
scribed previously [24]. Some compounds were co-eluted in the
liquid chromatography and indistinguishably detected. Such
groups of compounds were termed as follows: 4i_kaempferol-
Rha-Rha for kaempferol-3-rhamnoside-7-rhamnoside, vitexin-
200-O-rhamnoside, kaempferol-3,7-O-bis-alpha-L-rhamnoside, and
kaempferol-3,7-O-di-rhamnopyranoside; 2i_kaempferol-Glc-Rha-
Rha for kaempferol-3-glucoside-200-rhamnoside,-7-rhamnoside
and kaempferol-3-O-alpha-L-rhamnopyranosyl(1 ! 2)-beta-
D-glucopyranoside-7-O-alpha-L-rhamnopyranoside; 7i_kaemp-
ferol-Gal-Rha for kaempferol-3-O-beta-D-galactoside-7-O-alpha-L-
rhamnoside, kaempferol-3-O-beta-D-glucoside-7-O-alpha-L-rham-
noside, and 5 other kaempferol diglycosides; 3i_D-erythrose for
D-erythrose, glycolaldehyde dimer, and D()-threose.
3. Results
3.1. Comparative widely targeted analysis of metabolites in rosette
leaves from the Columbia accession
First we compared the metabolite proﬁle between diploids and
autotetraploids of A. thaliana. We chose rosette leaves from
plantlets grown under various conditions to determine whether
common metabolites showed differences in accumulation be-
tween diploids and autotetraploids. Our widely targeted analysis
[24,25] detected several differences between tetraploids and
diploids (Table 1).
In the leaves of plants grown on 1/2 MS plates, tyramine, 3-
methylsuﬁnylpropyl-glucosinolate (GSL), 4-methylthiobutyl-GSL
and indol-3-ylmethyl-GSL showed a tendency for greater accumu-
lation in tetraploids than in diploids, but their higher accumulation
was not stable in the various day lengths (16L8D vs. CL) or
developmental stages (2 or 3 weeks old). Only tyramine had stable
high accumulations under the 16L8D condition between the 2- and
3-week-old stages (Table 1). When grown on soil, AMP, fumarate,
succinate, tyramine, cyanidin 3-O-rutinoside, 3-benzoyloxypropyl-
GSL, indol-3-ylmethyl-GSL, 4i_kaempferol-Rha-Rha (see Section 2),
GMP and nicotinate showed higher accumulation between the 2-
and 3-week-old stages (Table 1). Notably, tyramine and indol-3-
ylmethyl-GSL also accumulated at higher levels in tetraploid plants
grown on 1/2 MS medium.
Table 1
Changes in metabolite content in rosette leaves of autotetraploid plants. Peak areas obtained by widely targeted metabolome analysis were normalized to those of the
internal standard compound and the sample fresh weights. Mean values of 12 replicates were calculated and analyzed statistically. Fold changes (4C/2C) are shown, with
statistically signiﬁcant differences between 2C and 4C plants indicated in bold (Student’s t-test, P < 0.05).
Metabolite annotation 1/2 MS plate Soil
2-Week-old 3-Week-old 2-Week-old 3-Week-old
16L8D CL 16L8D CL 16L8D
1-Aminocyclopentanecarboxylate 0.82 1.16 2.05 0.64 1.41 1.40
Citrate 1.10 1.15 1.93 0.94 1.88 0.83
Metformin 0.68 0.79 1.71 1.12 1.15 1.02
ACC 0.84 0.78 1.51 0.95 1.31 0.90
Allantoate 0.46 0.63 1.89 1.72 1.24 1.28
L-Histidine 0.68 0.75 1.67 0.64 1.32 0.99
L-Methionine 1.03 1.07 1.67 1.13 1.63 1.16
L-Phenylalanine 0.97 0.91 1.79 1.00 1.78 1.02
L-Tryptophan 1.15 1.04 1.82 0.84 1.68 1.13
L-Tyrosine 1.34 0.87 1.70 0.98 1.86 1.01
Sucrose 0.79 0.52 2.03 1.29 1.47 1.08
Methylmalonate 1.36 1.08 2.15 0.99 2.40 1.21
AMP 1.24 0.89 2.55 1.46 2.90 1.29
Agmatine 0.97 0.91 2.26 1.79 1.04 0.87
Sinapate 1.29 1.01 1.62 1.17 1.65 1.03
Caffeate 1.05 1.26 1.17 0.98 1.94 0.88
Creatinine 1.01 0.82 2.23 1.61 1.34 1.02
Cytidine 1.33 1.63 1.63 1.87 2.95 1.12
Diethanolamine 0.94 0.84 1.42 0.72 1.25 0.98
Isocitrate 0.92 1.35 1.86 0.82 2.40 0.83
(R)-3-Hydroxybutanoate 0.99 0.75 1.77 1.29 1.45 0.78
Fumarate 1.75 1.35 1.72 1.60 2.13 1.32
GDP-mannose 0.94 0.91 2.46 1.42 1.72 1.07
GDP-glucose 1.02 1.66 2.04 2.29 1.25 1.37
IMP 1.28 0.97 2.40 1.68 3.27 1.49
L-Asparagine 0.73 0.83 2.07 0.76 1.15 0.82
L-Aspartic acid 1.21 1.07 1.38 1.30 1.36 0.92
L-Glutamic acid 1.04 0.99 1.47 1.29 1.51 0.91
L-Glutamine 0.67 0.76 1.81 0.65 1.44 0.92
Glutathione 0.90 1.03 2.15 1.03 1.33 1.28
L-Proline 1.68 0.60 1.73 0.52 1.67 0.85
Pidolic acid 0.76 1.12 1.95 0.61 1.76 1.23
L-Serine 0.95 0.75 1.31 1.00 1.12 1.06
Methylguanidine 0.98 0.98 1.16 1.31 1.02 0.84
S-Carboxymethyl-L-cysteine 1.86 1.69 1.89 1.32 2.71 1.13
Succinate 1.46 0.96 2.06 1.02 2.14 1.25
Thiamine 0.63 1.09 2.19 1.41 1.78 1.58
Thiamin monophosphate 1.38 1.02 2.34 2.30 1.55 1.32
Thioglycolate 1.00 0.74 1.74 1.30 1.40 0.77
Tyramine 1.48 1.30 1.68 2.15 1.67 1.23
Uridine 1.17 2.28 1.61 1.47 2.96 1.29
UMP 1.38 0.96 2.32 1.21 2.75 1.21
Lactose 0.88 0.46 2.06 1.06 1.77 1.06
3-Guanidinopropanoate 1.10 0.97 2.03 1.49 1.08 0.84
Nicotinamide D-ribonucleotide 1.06 1.03 1.91 0.97 1.07 0.85
4-Aminobutanoate 1.30 0.72 2.36 0.59 1.51 0.97
Cyanidin 3-O-rutinoside 1.30 1.24 1.62 1.63 1.73 1.17
Robinin 0.98 0.08 1.28 1.06 0.85 0.25
O-Acetyl-L-serine 0.74 0.86 2.27 0.48 1.37 0.79
Pyridoxal phosphate 1.08 0.78 1.72 1.79 1.46 0.83
Pyridoxal 1.03 1.14 1.72 1.06 4.20 0.93
N-Acetylputrescine 0.98 0.88 2.02 1.65 1.05 0.94
UDP-D-xylose 1.20 1.11 1.81 1.48 1.36 1.00
6-Hydroxynicotinate 1.65 1.14 2.46 2.26 2.36 1.33
50 ’-Methylthioadenosine 1.03 0.79 1.76 1.05 1.62 1.11
sn-Glycero-3-phosphocholine 1.01 0.86 1.17 1.21 1.62 0.70
L-Allothreonine 1.12 0.89 1.33 1.20 1.48 0.90
Tetracosanoic acid 1.03 0.78 1.78 1.26 1.45 0.77
dUDP 1.00 0.74 1.79 1.23 1.46 0.81
Threonate 0.93 0.94 1.33 1.25 0.96 0.81
S-Adenosyl-L-methionine 1.04 1.19 1.90 1.92 1.90 1.14
Kaempferol-Gal-Rha-Rha 0.46 0.39 1.12 0.90 2.52 0.39
Kaempferol-Rha-Rha-Rha 1.64 1.14 1.19 1.32 1.38 1.42
Ethanolamine phosphate 1.37 0.91 1.15 0.99 1.57 1.07
Glycyl-L-proline 1.06 0.90 1.73 1.24 1.53 1.10
3-Hydroxy-3-methylbutanoic acid 1.15 0.83 1.80 1.40 1.63 0.71
Choline 0.97 0.77 1.82 1.30 1.41 0.76
Choline phosphate 0.93 1.17 1.54 1.38 1.71 1.03
D-Galactarate 1.24 1.24 1.63 1.42 1.69 1.11
N-Acetyl-L-glutamate 0.42 0.62 2.76 0.45 1.53 0.89
2-Phenylethyl-GSL 1.24 1.81 1.92 1.48 2.29 1.15
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Metabolite annotation 1/2 MS plate Soil
2-Week-old 3-Week-old 2-Week-old 3-Week-old
16L8D CL 16L8D CL 16L8D
Cyanidin-3-O-rhamnoside 1.30 1.13 1.70 1.79 1.90 1.13
S-Methyl-L-cysteine 0.42 0.97 2.82 1.03 1.83 1.14
Betaine 2.92 1.20 0.62 0.70 2.26 0.99
Quercetin-di-Rha 1.04 1.04 1.45 1.27 1.66 1.03
Quercetin-Rha-Glc-Rha 1.76 1.08 1.12 1.55 1.89 1.21
Sinapoyl malate 1.21 1.06 1.88 1.41 1.60 0.94
Sinapoylglucose 1.12 0.95 1.53 1.10 1.14 0.66
Tulipanin 1.59 1.13 1.20 1.66 1.57 1.06
L-Fucose 1-phosphate 1.02 1.12 1.42 2.14 1.53 0.64
Ethionine 0.75 1.95 1.63 1.06 2.73 1.15
a-Tocotrienol 1.04 0.95 2.06 1.46 1.72 1.04
3-Methylsulﬁnylpropyl-GSL 1.31 1.78 1.84 2.02 1.93 1.12
4-Methylsulﬁnylbutyl-GSL 1.22 1.70 1.78 1.41 1.99 1.11
5-Methylsulﬁnylpentyl-GSL 1.05 1.53 1.54 1.20 1.71 1.11
6-Methylsulﬁnylhexyl-GSL 0.78 1.67 1.76 1.10 1.95 1.10
7-Methylsulﬁnylheptyl-GSL 0.87 1.71 1.69 1.21 1.59 1.03
8-Methylsulﬁnyloctyl-GSL 0.64 1.41 1.56 1.04 1.80 1.02
4-Methylthiobutyl-GSL 1.16 1.35 2.19 1.72 1.68 1.01
5-Methylthiopentyl-GSL 1.01 1.49 2.03 1.45 1.97 1.05
6-Methylthiohexyl-GSL 0.97 1.70 2.21 1.69 2.17 1.09
7-Methylthioheptyl-GSL 0.92 1.75 2.24 1.97 2.10 1.15
8-Methylthiooctyl-GSL 0.70 1.57 2.40 2.24 2.18 1.13
3-Benzoyloxypropyl-GSL 2.23 1.62 2.60 1.73 3.02 1.76
4-Benzoyloxybutyl-GSL 1.34 1.01 2.61 2.20 1.98 1.13
Indol-3-ylmethyl-GSL 1.51 1.70 1.74 1.58 2.25 1.15
1-Methoxyindole-GSL 1.42 1.41 1.63 1.47 2.43 1.54
4-Methoxyindole-GSL 0.85 1.25 2.17 0.98 2.49 1.02
L-Leucine 1.11 0.94 1.82 1.03 1.69 1.08
L-Isoleucine 1.24 0.93 1.72 1.12 1.68 0.93
S-Methylmethionine 0.59 0.56 1.54 0.54 1.72 1.17
2i_Kaempferol-Glc-Rha-Rha 1.33 1.22 1.51 1.83 2.24 1.11
UDP-N-acetyl-alpha-D-glucosamine 1.05 0.97 1.36 0.88 1.94 0.93
UDP-glucose 0.98 1.15 1.84 1.16 1.55 0.99
7i_Kaempferol-Gal-Rha 1.03 1.12 1.58 1.21 1.98 1.21
4i_Kaempferol-Rha-Rha 1.20 1.13 1.54 1.27 1.93 1.23
Chrysanthemin 1.19 1.11 1.48 1.63 1.16 1.24
Sarsasapogenin 1.05 0.75 1.63 1.25 1.49 0.94
g-Tocopherol 0.98 0.80 1.66 1.19 1.49 0.85
Pantothenate 1.17 1.38 1.52 1.01 2.21 1.11
D-Glucose 1-phosphate 1.15 1.03 0.94 0.93 1.37 0.78
D-Mannose 6-phosphate 1.02 0.96 1.65 0.90 1.33 0.94
D-Mannose 1-phosphate 1.08 0.89 1.70 0.72 1.44 1.06
Lipoamide 1.76 1.34 1.84 1.36 2.41 1.49
GMP 1.22 0.89 2.72 1.19 2.96 1.34
Lactulose 0.84 0.56 2.04 1.23 1.53 0.98
Melibiose 0.81 0.60 1.99 1.36 1.54 1.02
CMP 1.35 1.13 2.22 1.50 2.48 1.18
L-Arginine 0.70 0.81 1.78 1.08 0.93 0.97
D-Psicose 1.10 0.74 3.04 0.73 1.61 1.29
Nicotinamide 0.98 1.29 1.74 1.48 1.43 1.32
3i_D-Erythrose 1.00 0.75 1.78 1.24 1.45 0.80
L-Alanine 0.72 0.61 2.22 0.76 1.24 0.82
1,3-Diaminopropane 1.09 1.74 2.05 1.51 1.41 1.10
L-Norvaline 1.08 1.03 1.68 1.04 1.71 0.97
L-Threonine 1.12 0.92 1.48 1.26 1.33 0.90
N,N-Dimethylglycine 1.51 0.94 2.00 0.98 1.17 1.20
Cinnamyl alcohol 1.24 1.01 0.97 0.99 1.33 1.13
(R)-Malate 1.14 1.09 1.83 1.22 2.01 0.92
D-Xylulose 1.22 0.80 1.54 1.33 1.42 0.87
2-Oxoglutarate 0.74 0.97 2.04 0.89 1.72 0.97
L-Lysine 0.68 0.81 2.04 0.55 1.47 0.98
Nicotinate 1.10 1.12 2.19 1.75 2.22 1.19
L-Norleucine 1.14 0.95 1.77 1.04 1.82 1.03
Rutin 1.13 1.12 1.68 1.20 1.67 1.01
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To test the generality of the ploidy-dependent changes, we
examined if there were any similarities in the ploidy-dependent
differences of metabolites between A. thaliana leaves and pear
fruits. As reported earlier, we identiﬁed a naturally occurringtetraploid variant of Pyrus communis L. var. sativa (DC.) DC.
[19,20]. We expected that the comparison between two different
species and two different organs would depict the ‘true’ common
targets of polyploidy. We analyzed the metabolite proﬁle in the
development of fruit from pollination to mature fruit (Table 2). Of
the >200 metabolites examined, many showed signiﬁcant
Table 2
Changes in metabolite content in normal diploid and tetraploid chimera fruits during development and ripening. Peak areas in the metabolome analysis were normalized to
those of the internal standard compound and the sample fresh weights (FW). Mean values of three replicates were calculated and analyzed statistically. Fold changes
(tetraploid/diploid) are shown, with statistically signiﬁcant differences between normal diploid and tetraploid fruits indicated in bold (Student’s t-test, P < 0.05). B: blooming,
2WAB: 2 weeks after blooming, 1MAB: 1 month after blooming, 2MAB: 2 months after blooming, 3MAB: 3 months after blooming, 4MAB: 4 months after blooming, H:
harvesting, 1MAH: 1 month after harvesting. D: metabolite detected only in normal diploid, T: metabolite detected only in tetraploid chimera, n.d.: not detected in both fruits.
Cytokinin ribosides were not analyzed at B, 2WAB and 1MAB, indicated as ‘‘no test’’.
Metabolite annotation B 2WAB 1MAB 2MAB 3MAB 4MAB H 1MAH
1-Methyladenosine 1.61 1.19 n.d. n.d. n.d. n.d. n.d. n.d.
2,4-Diaminobutyric acid D 1.78 1.37 n.d. n.d. n.d. n.d. n.d.
2-Aminoadipate 0.60 0.65 0.97 0.42 1.19 n.d. n.d. n.d.
2-Aminobutyric acid 0.80 1.01 0.90 1.02 1.02 1.53 1.35 2.01
2-Isopropylmalic acid 0.70 1.11 1.20 0.80 0.76 0.99 1.07 1.08
2-Methylserine D 0.52 n.d. 1.04 1.07 1.46 1.58 1.60
3-Amino-1,2-propanediol 0.87 0.96 0.83 n.d. n.d. n.d. n.d. n.d.
3-Dehydroshikimate 3.71 1.51 0.71 1.11 0.98 2.79 1.06 0.78
3-Hydroxy-3-methylglutaric acid 1.02 1.18 0.86 0.93 0.81 0.97 0.90 0.86
3-Methylhistidine 1.01 0.98 0.91 1.07 0.97 1.22 1.35 1.18
3-Ureidopropionic acid 0.95 0.88 1.01 0.77 0.93 1.43 1.47 1.77
4-Guanidinobutyric acid 0.75 1.05 1.25 1.07 1.12 1.15 1.35 1.30
4-Methylpyrazole 1.31 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
5-Aminopentanoate 0.57 0.98 0.81 1.69 3.19 0.66 T 1.27
50-Deoxy-50-methylthioadenosine 0.65 1.05 0.99 1.01 0.81 0.76 4.25 n.d.
50-Deoxyadenosine n.d. n.d. n.d. 0.92 0.98 1.11 1.20 1.15
5-Methylcytosine 0.52 0.92 0.87 1.01 1.05 1.94 1.26 1.04
5-Methyltetrahydrofolic acid 0.35 0.66 0.34 0.90 0.90 1.06 1.13 1.95
5-OxoPro 1.72 1.06 0.65 0.64 0.77 1.01 1.37 1.26
Aminocyclopropane carboxylic acid n.d. n.d. n.d. n.d. n.d. n.d. 0.86 1.18
Acetylcholine 0.58 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Adenine 0.54 1.27 1.04 n.d. n.d. n.d. n.d. n.d.
Adenosine 0.49 1.69 1.44 1.05 1.15 D n.d. D
ADP n.d. n.d. n.d. 0.77 1.67 1.00 T n.d.
a-Ketoglutarate T 1.93 1.66 n.d. n.d. n.d. n.d. n.d.
Ala 1.25 0.97 0.90 0.98 1.15 1.38 1.44 1.72
Allantonate 1.14 1.79 0.37 n.d. n.d. n.d. n.d. n.d.
Allantoin 0.88 0.94 0.60 n.d. n.d. n.d. n.d. n.d.
AMP 1.18 1.26 1.08 0.88 T n.d. n.d. n.d.
Arg 0.54 1.09 0.94 0.89 0.86 0.93 1.83 0.89
Asn 0.96 0.78 1.09 0.85 0.90 0.99 1.26 1.41
Asp 0.95 1.00 1.17 1.01 0.87 1.21 1.29 1.92
b-Ala 0.79 0.94 1.06 1.04 1.10 1.18 1.66 1.58
Benzoic acid 1.65 3.44 0.80 0.85 0.57 D 0.70 1.33
Benzylsuccinic acid 0.90 1.20 0.99 n.d. n.d. n.d. n.d. n.d.
b-Imidazolelactic acid 1.67 T n.d. n.d. n.d. n.d. n.d. n.d.
Betaine 0.78 1.07 0.76 1.03 0.82 0.90 1.10 1.16
Betaine aldehyde 0.44 T D n.d. n.d. n.d. n.d. n.d.
Carnitine 0.74 1.02 0.61 n.d. n.d. n.d. n.d. n.d.
Castanospermine 1.05 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
cCMP n.d. n.d. n.d. 0.97 n.d. n.d. n.d. n.d.
CDP-choline n.d. n.d. n.d. 1.29 0.85 1.25 1.08 1.75
Chlorogenic acid 2.89 1.17 1.05 1.13 0.95 0.85 1.04 0.99
Choline 0.85 1.92 1.02 0.94 0.87 0.51 0.67 0.91
cis-Aconitate 0.85 n.d. D 0.48 0.60 0.69 1.37 1.15
Citraconate 0.78 0.91 0.90 n.d. n.d. n.d. n.d. n.d.
Citramalic acid 0.86 0.80 0.68 0.73 0.78 0.80 1.06 1.06
Citrate 0.71 1.46 1.34 0.76 0.70 0.94 0.81 1.12
Citrulline 0.95 0.83 0.89 0.81 0.34 2.79 1.50 1.58
CMP T 7.62 1.39 n.d. n.d. n.d. n.d. n.d.
Cyclohexylamine 0.91 2.40 1.27 0.95 0.44 0.77 0.94 1.37
Cys n.d. n.d. n.d. 1.60 1.51 2.59 1.57 1.48
Cys-GSSG n.d. 0.88 0.84 0.75 0.83 1.14 1.43 0.84
Cystine n.d. n.d. n.d. 1.56 1.01 1.98 1.62 n.d.
Cytidine 0.78 1.14 1.12 1.09 1.18 1.11 1.47 1.42
Cytosine 0.68 1.01 0.90 1.07 0.92 0.90 1.25 1.07
dCDP n.d. n.d. n.d. 0.97 1.09 1.33 1.31 2.33
Deamino NAD T T n.d. n.d. n.d. n.d. n.d. n.d.
D-Glucosamine-6-phosphate 2.00 1.08 1.02 0.87 0.83 1.06 0.29 0.81
Diethanolamine n.d. n.d. 1.10 0.85 1.03 1.13 1.26 0.52
Digalacturonate 1.23 1.46 1.12 1.18 1.04 0.95 1.08 0.77
Dimethylbenzimidazole 0.54 1.59 n.d. n.d. n.d. n.d. n.d. n.d.
dUMP n.d. n.d. n.d. 0.47 1.99 3.26 1.64 4.08
Erythrose 4-phosphate n.d. n.d. n.d. 1.82 3.33 0.60 0.31 1.23
Fumarate 1.04 1.22 1.05 0.92 0.89 1.09 1.11 1.12
GABA 0.96 1.18 1.11 1.45 1.53 1.88 2.20 3.17
Galacturonate 0.43 1.28 1.74 1.02 0.96 1.07 1.13 0.70
Gln 0.97 0.91 0.82 0.72 0.74 0.74 0.98 0.66
Glu 0.85 1.04 1.03 0.86 0.82 0.82 1.07 1.26
Gluconic acid 0.77 1.06 1.06 0.87 0.83 0.97 1.04 1.10
Glutarate n.d. n.d. n.d. 1.15 1.70 T T D
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Gly 1.17 0.93 1.12 1.04 1.19 1.14 1.42 1.37
Gly3P 1.08 1.20 0.86 0.41 0.71 D 1.01 D
Glycerate 0.85 1.71 0.96 0.86 0.91 1.16 0.98 1.20
Glycocyamine 0.70 1.08 0.91 0.93 0.83 0.94 0.94 1.07
GMP T 1.54 0.68 n.d. n.d. n.d. n.d. n.d.
GSH n.d. 1.25 2.05 1.06 1.12 1.39 1.30 2.15
Guanine D 1.62 n.d. n.d. n.d. n.d. n.d. n.d.
Guanosine 1.16 1.10 1.44 0.86 1.27 0.78 1.06 T
Hexylamine 0.67 1.05 n.d. n.d. n.d. n.d. n.d. 0.71
His 1.06 0.52 0.66 0.89 1.28 1.04 2.21 1.21
Histamine 1.01 1.00 n.d. n.d. n.d. n.d. n.d. n.d.
HomoLys 1.15 1.23 1.27 D 0.81 2.87 3.77 1.44
HomoPro D 0.40 D 1.05 0.99 1.37 1.47 n.d.
HomoSer 0.82 1.18 1.44 1.00 0.86 1.81 2.24 1.39
HomoThr 0.80 1.14 0.90 0.84 0.77 0.79 1.03 0.91
HydroxyPro 0.81 1.30 1.30 0.99 0.91 1.17 1.42 1.43
Hypotaurine n.d. 0.95 T n.d. n.d. n.d. n.d. n.d.
Ile 0.83 0.66 0.90 0.95 0.99 1.03 1.87 1.95
Imidazole-4-acetic acid 0.92 0.84 0.73 0.83 0.72 n.d. n.d. n.d.
IMP n.d. 0.79 0.93 n.d. n.d. n.d. n.d. n.d.
Isobutylamine 0.83 1.66 1.25 0.95 0.38 0.49 1.15 1.64
Isocitrate 0.91 1.22 0.73 0.79 0.74 0.90 0.81 1.05
Leu 1.00 0.82 0.82 1.65 1.29 1.05 1.69 1.39
Lys 0.98 0.92 0.91 0.93 1.10 0.91 2.11 0.86
Malate 0.98 1.22 1.05 0.93 0.90 1.07 1.08 1.15
Met 0.61 0.79 0.45 1.23 0.89 0.79 0.83 1.52
Mevalonolactone 0.75 1.01 0.90 0.95 1.06 0.98 2.23 1.00
Mucic acid 0.96 1.41 1.17 1.26 1.11 1.31 0.94 1.29
Muscimol 1.25 0.75 1.11 0.74 D T n.d. n.d.
N6-Methyl-20-deoxyadenosine n.d. n.d. n.d. 0.88 0.72 1.28 1.17 1.02
N-AcetylSer 0.92 1.16 1.03 0.82 0.79 0.85 1.02 1.32
N-AcetylAsp 0.68 T D n.d. n.d. n.d. n.d. n.d.
N-Acetyl-b-Ala 1.10 1.10 0.85 n.d. n.d. n.d. n.d. n.d.
N-Acetylglucosamine 0.64 1.02 0.93 n.d. n.d. n.d. n.d. n.d.
N-Acetylglutamic acid 0.72 0.93 1.08 n.d. n.d. n.d. n.d. n.d.
N-Acetylmuramic acid 0.27 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
N-Acetylputrescine 1.02 1.15 1.17 n.d. n.d. n.d. n.d. n.d.
NAD 0.61 2.14 1.35 1.67 0.86 1.69 1.52 0.71
NADP n.d. 1.67 1.57 n.d. n.d. n.d. n.d. n.d.
N-FormylMet 2.52 1.13 1.01 1.06 0.95 0.90 1.02 0.90
Nicotinate mononucleotide n.d. 0.20 1.64 n.d. n.d. n.d. n.d. n.d.
Nicotinic acid 1.37 0.99 1.04 1.80 1.15 2.10 1.82 1.53
N-Methylanthraliate 0.58 0.80 0.68 n.d. n.d. n.d. n.d. n.d.
O-AcetylSer 0.96 1.16 1.06 0.70 1.02 0.58 1.00 0.72
Ophthalmic acid 0.61 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Ornithine 0.90 1.16 0.70 0.40 1.12 0.79 1.01 1.49
Oxalate n.d. n.d. n.d. 1.19 n.d. n.d. n.d. n.d.
Oxamic acid n.d. 1.52 3.85 n.d. n.d. n.d. n.d. n.d.
Pantothenic acid 0.92 1.10 0.70 0.53 1.69 1.05 2.81 1.53
Ethanolamine phosphate 1.42 1.84 0.80 0.99 0.80 n.d. D 0.70
Phosphoenolpyruvic acid T 1.47 n.d. 0.71 0.73 1.17 1.76 n.d.
Phe 0.89 1.20 0.92 1.18 1.42 1.33 1.32 1.51
PhenylacetylGly 1.21 1.28 1.03 0.95 0.96 1.14 1.17 1.10
Phenylethylamine 0.71 0.83 n.d. n.d. n.d. n.d. n.d. n.d.
Pipecolic acid 1.12 1.02 0.97 1.24 1.31 1.28 1.61 1.55
Pro 0.83 0.88 1.01 1.31 1.36 1.63 2.86 1.06
Putrescine 0.86 1.51 1.27 1.26 1.10 1.05 1.68 1.09
Pyridoxamine-5P n.d. D 0.64 n.d. n.d. n.d. n.d. n.d.
Pyridoxine 1.81 n.d. n.d. n.d. 1.83 n.d. n.d. 1.60
Pyruvate 1.25 1.48 0.84 0.86 0.85 1.02 0.92 1.00
Quinic acid 1.14 1.27 1.06 1.01 0.98 1.05 1.26 1.13
Rafﬁnose 1.06 0.99 1.00 1.80 0.91 1.17 0.95 1.45
Riboﬂavin 0.67 1.49 1.38 0.87 0.87 0.45 0.66 1.01
Ribu1,5P n.d. n.d. n.d. 0.94 0.91 1.03 1.08 1.04
Sorbitol-6P 1.29 1.37 1.16 0.90 0.90 1.35 1.21 1.60
Sedoheptulose-7P 0.83 1.46 1.43 1.66 1.14 0.65 0.91 0.79
S-AdenosylhomoCys 0.65 1.01 0.82 0.92 n.d. n.d. n.d. n.d.
S-AdenosylMet 0.97 1.25 1.47 0.91 0.87 1.11 1.15 1.30
Ser 1.12 0.93 1.01 1.00 0.85 1.10 1.27 1.23
Shikimic acid 1.10 1.23 0.89 0.86 1.12 1.27 1.65 1.43
Spermidine 1.21 1.14 0.97 0.77 0.96 1.25 1.39 1.61
Spermine T 0.79 0.86 n.d. n.d. n.d. n.d. n.d.
Stachydrine 0.41 0.70 0.51 0.96 0.65 0.79 1.50 n.d.
Succinate 0.94 1.23 1.31 0.49 2.61 2.11 0.67 0.57
Trehalose-6P 0.83 1.51 1.10 0.96 0.99 1.08 1.02 1.22
Tartaric acid T 1.79 0.88 0.86 0.84 1.00 0.96 0.89
Thiamine 0.68 n.d. n.d. 1.29 1.00 1.63 1.39 1.52
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Thiotomin n.d. 1.79 0.47 0.77 0.23 n.d. n.d. n.d.
Thr 1.01 0.81 0.79 1.24 1.22 1.20 1.48 1.39
Trimethylamine N-oxide 0.86 1.52 1.08 n.d. n.d. n.d. n.d. n.d.
Trp 1.08 0.74 0.40 0.73 1.97 1.13 1.83 0.82
Tyr 1.24 0.97 0.90 1.05 1.41 1.16 1.48 2.45
UDP-Glc 0.74 1.54 1.46 1.02 1.03 1.06 0.98 1.33
Urocanic acid 1.96 1.83 0.13 0.38 0.81 1.53 1.14 D
Val 1.03 0.87 0.98 1.57 1.26 1.44 1.77 2.09
Xanthine 1.72 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Xanthosine-5P n.d. 0.33 0.57 n.d. n.d. n.d. n.d. n.d.
Xanthurenic acid 0.65 1.30 1.07 0.93 0.97 1.11 1.02 1.11
2-Aminobenzimidazole n.d. n.d. 0.25 n.d. n.d. n.d. n.d. n.d.
2-Aminophenol 0.45 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2-Hydroxypentanoic acid 0.80 0.99 1.35 n.d. n.d. n.d. n.d. n.d.
3-Hydroxybutyric acid; 2-Hydroxyisobutyric acid n.d. n.d. 1.02 n.d. n.d. n.d. n.d. n.d.
3-Hydroxypropionic acid; lactic acid 1.31 1.30 1.04 0.81 1.06 1.17 1.02 1.24
3-Hydroxypyruvate 0.62 0.58 2.50 n.d. n.d. n.d. n.d. n.d.
3PG; 2PG 0.96 1.79 1.12 0.83 0.78 0.82 1.01 1.35
4-Amino-3-hydroxybutyric acid 1.50 0.85 1.42 n.d. n.d. n.d. n.d. n.d.
4-Aminophenylsulfone n.d. n.d. n.d. 0.95 D n.d. n.d. n.d.
4-Hydroxy-3-methoxybenzoic acid urea 0.81 1.22 2.07 n.d. n.d. n.d. n.d. n.d.
4-Oxohexanoic acid; 4-acetylbutyric acid; 4-methyl-2-oxovaleric acid 0.30 D 0.43 n.d. n.d. n.d. n.d. n.d.
4-Oxovaleric acid 0.47 1.56 0.60 n.d. n.d. n.d. n.d. n.d.
5-Amino-4-oxovaleric acid 1.48 1.39 1.48 0.92 0.87 1.09 1.29 1.30
6-Aminohexanoic acid 1.77 1.81 n.d. n.d. n.d. n.d. n.d. n.d.
Acetoacetamide 0.92 0.83 0.84 1.17 1.21 1.17 1.47 1.28
Betonicine 0.85 1.05 0.93 n.d. n.d. n.d. n.d. n.d.
D-Glucosamine 0.80 0.99 0.97 n.d. n.d. D 1.24 T
Dephospho CoA n.d. 0.84 0.89 n.d. n.d. n.d. n.d. n.d.
G6P; F6P; G1P 1.01 1.62 1.17 0.94 0.93 1.00 0.96 1.03
g-Butyrobetaine 0.43 0.33 D n.d. n.d. n.d. n.d. n.d.
g-Glu-2-aminobutanoic acid 0.80 0.73 0.79 T D D T n.d.
Glycerophosphocholine 0.63 0.46 0.60 n.d. n.d. n.d. n.d. n.d.
GSSG 1.36 0.79 0.67 0.73 0.90 1.08 1.45 1.78
Heptanoic acid n.d. 0.87 D n.d. n.d. n.d. n.d. n.d.
Hexanoic acid n.d. 1.47 1.11 n.d. n.d. n.d. n.d. n.d.
Isoamylamine 0.71 1.10 0.96 0.75 D n.d. n.d. n.d.
Mandelic acid n.d. 1.34 2.96 n.d. n.d. n.d. n.d. n.d.
Mannosamine; D-glucosamine n.d. 1.92 T n.d. n.d. n.d. n.d. n.d.
N5-Ethylglutamine 0.87 1.00 0.76 0.83 0.91 1.22 1.64 1.32
N-Acetylglucosamine 1-phosphate:N-acetylglucosamine 6-phosphate 0.90 1.14 0.95 0.89 0.78 1.03 1.03 1.58
Nicotinamide; isonicotinamide 0.54 0.93 1.11 n.d. n.d. n.d. n.d. n.d.
Octanoic acid 0.98 1.62 1.07 1.81 n.d. n.d. n.d. n.d.
p-Coumaric acid; phenylpyruvate 1.04 1.33 0.85 0.88 T n.d. n.d. n.d.
Phosphorylcholine 1.05 0.91 0.72 0.94 0.87 0.73 2.75 0.91
Ribu5P; Rib5P; X5P 3.05 1.24 0.96 1.63 T n.d. n.d. 0.88
S-LactoylGSH n.d. 0.65 0.67 n.d. n.d. n.d. n.d. n.d.
Threonic acid 1.26 1.56 1.05 1.00 1.21 1.40 1.18 1.21
Trigonelline; anthranilic acid 0.72 0.84 0.83 1.02 1.06 2.04 2.36 1.27
1-O-b-D-Glucopyranosyl-sinapate[isomer] 0.94 1.27 0.99 n.d. n.d. n.d. n.d. n.d.
Catechin 1.94 1.01 1.23 0.88 0.64 0.35 1.43 0.52
Creatine, anhydrous n.d. n.d. n.d. 0.93 1.06 1.17 1.00 1.17
D-(+)-Cellobiose 1.04 1.05 1.33 0.84 0.97 1.03 0.94 0.89
D-(+)-Trehalose dihydrate n.d. n.d. n.d. 0.33 1.08 1.25 1.45 1.69
Datiscin:kaempferol-3-(200-p-coumaroyl)glucoside-7-
glucoside:kaempferol-3-glucoside-300-rhamnoside
0.91 1.00 0.68 n.d. n.d. n.d. n.d. n.d.
dUDP:1-isothiocyanato-9-(methylsulﬁnyl)-nonane 0.94 1.12 0.97 n.d. n.d. n.d. n.d. n.d.
Epicatechin 1.61 1.03 1.07 0.90 0.90 0.96 0.86 0.88
Epicatechin tetramer 6.57 1.44 1.52 1.48 1.10 1.54 1.28 1.57
Isorhamnetin-3-O-glucoside 1.15 0.93 0.67 n.d. n.d. n.d. n.d. n.d.
Isorhamnetin-3-O-rutinoside:isorhamnetin-3-
galactoside-600-rhamnoside:isorhamnetin-3-rutinoside
0.95 0.89 0.79 n.d. n.d. n.d. n.d. n.d.
Kaempferol 3,7-O-dirhamnopyranoside 2.57 1.23 1.00 1.20 0.95 1.16 0.96 1.02
Kaempferol-3-Glu 0.73 1.09 0.71 n.d. n.d. n.d. n.d. n.d.
Kaempferol-3-O-rutinoside:datiscin:haempferol-
3-glucoside-300-rhamnoside
0.74 0.87 1.00 n.d. n.d. n.d. n.d. n.d.
Kaempferol-hexoside-dirhamnoside n.d. n.d. n.d. 1.51 1.12 0.99 1.12 0.88
b-HomoPro 0.79 0.96 0.60 0.99 1.67 1.43 1.39 1.29
Homocystine 0.87 1.47 1.32 n.d. n.d. n.d. n.d. n.d.
NorVal n.d. n.d. n.d. 0.43 0.84 1.04 1.09 1.11
PyroGlu 1.49 0.90 0.32 n.d. n.d. n.d. n.d. n.d.
Procyanidin B1 2.75 1.16 1.35 1.49 1.06 1.05 1.05 0.97
Procyanidin B2 5.23 1.02 1.04 1.17 1.01 1.11 0.98 1.05
Procyanidin C1 7.20 0.93 1.04 1.28 1.03 1.17 1.06 1.35
Quercetin-3-(600-malonyl)-glucoside 1.25 1.02 1.18 n.d. n.d. n.d. n.d. n.d.
Quercetin-3-glucoside 1.20 0.99 0.90 n.d. n.d. n.d. n.d. n.d.
rac-Glycerol 3-phosphoate 0.82 1.76 1.42 1.06 1.07 1.10 0.92 1.02
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Rosmarinic acid 1.22 0.89 1.08 n.d. n.d. n.d. n.d. n.d.
Rutin 1.03 0.94 0.97 n.d. n.d. n.d. n.d. n.d.
Vitexin-200-O-rhamnoside n.d. n.d. n.d. 1.18 0.95 0.94 1.01 0.95
Abscisic acid 1.24 0.98 1.10 1.70 1.37 1.39 1.24 0.77
Dihydrozeatin T 1.15 D 0.61 1.07 0.72 1.16 1.16
Dihydrozeatin riboside no test no test no test 0.52 2.03 0.87 1.50 0.80
Gibberelline A1 1.29 0.62 1.22 0.61 0.23 0.66 D D
Gibberelline A4 0.51 1.01 0.92 1.19 0.50 1.97 n.d. D
Indole acetic acid 1.55 1.05 0.90 1.06 0.95 0.69 1.13 0.95
Isopentenyladenine 2.26 1.01 1.35 0.69 1.02 0.50 0.75 0.55
Isopentenyladenine riboside no test no test no test 0.85 1.57 0.53 0.65 0.48
Jasmonic acid 1.45 1.85 0.83 1.94 3.19 0.22 1.67 1.09
Jasmonate-Ile conjugate 1.45 4.36 0.92 2.08 2.05 0.78 0.30 0.15
Salicylic acid 1.20 1.07 0.72 0.45 5.41 0.35 0.67 0.69
trans-Zeatin 0.74 0.77 0.88 0.84 0.67 1.10 0.89 0.73
trans-Zeatin riboside no test no test no test 1.09 1.27 0.81 1.01 0.70
Castasterone 1.15 0.56 0.47 0.60 0.80 0.99 1.33 1.02
Brassinolide n.d. n.d. n.d. 1.22 0.98 0.88 T 0.94
Sorbitol 1.11 1.40 1.25 1.05 0.96 1.03 1.27 1.30
Sucrose 0.92 0.71 n.d. 0.86 0.75 1.13 0.99 0.87
Fructose 1.12 2.21 1.81 1.07 0.90 0.98 1.02 0.96
Glucose 0.55 6.00 1.73 0.82 0.96 1.15 1.43 1.29
Starch 3.81 2.72 T 0.82 0.54 0.70 0.56 1.34
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in the same sampling period. In particular, seven metabolites
showed signiﬁcant differences over the continuous sampling
period. Five metabolites in tetraploid fruit were present at higher
levels than in diploid fruit: Cys and ABA from 3 months after
blooming to harvesting, GABA from 3 months after blooming to
1 month after harvesting, 2-methyl Ser and N5-ethyl Gln from
4 months after blooming to 1 month after harvesting. In contrast,
the amounts of Gln and N-acetyl Ser in diploid fruits were higher
than in tetraploid fruits, from 2 weeks to 3 months after blooming
and from 2 to 4 months after blooming, respectively.
In A. thaliana, no metabolite that showed the same ploidy-
dependent accumulation tendency was identiﬁed.
4. Discussion
In this study, we performed comparative metabolome analyses
between diploids and a newly established autotetraploid using A.
thaliana and pear, examining the effects of growth conditions and
developmental stages and the differences between leaves and
fruits to identify common, direct targets of autopolyploidy. We also
aimed to assess whether past reports of higher accumulation of
some metabolites in autopolyploids are the direct result of
polyploidization or of secondary selection after polyploidization.
We identiﬁed a few metabolites that differed in amount between
diploids and autotetraploids both in A. thaliana and pear
(Tables 1 and 2). For example we found that some metabolites
showed higher accumulation in A. thaliana leaves among various
growth conditions and ages. They included glucosinolates which
were often reported to accumulate at higher levels in autopolyploids
and is thought to be related to the higher stress tolerance of
autopolyploids [6]. It is noteworthy that ABA content was increased
in tetraploid pear from 3 months after blooming to harvesting
(Table 2), considering a reported ﬁnding that ABA content and ABA-
related genetic pathways are up-regulated in autotetraploid of citrus
(Citrus limonia) [26]. Also in A. thaliana it was reported that drought-
stressed plantlets showed much more differences in transcriptome
proﬁle between autotetraploid and parental diploid [27]. Our widely
targeted analyses on A. thaliana did not reproduce the ABA-related
changes between autotetraploid and diploid, but detailed further
analyses, for example, of drought-stressed samples, are waited.
Taken together, there were differences in metabolic chances
between A. thaliana leaves and pear fruits, clearly indicating thatautotetraploidy is not directly linked to changes in the accumula-
tion of particular metabolites. Our data clearly demonstrate that
changes in metabolite proﬁle due to autopolyploidization are
context-dependent. In other words, the effects of polyploidy on the
metabolite proﬁle are dependent on the growth stage, organ and
physiological/growth conditions. The stress-induced changes
reported in A. thaliana [27] might be a key to understand the
conditional effects of polyploidy on metabolites. Previous reports
on higher accumulation of some metabolites and higher stress
tolerance of autopolyploids must be re-examined from the aspect
of secondary selection after polyploidization.
Our data also demonstrate that autotetraploidization may affect
the accumulation of some metabolites in a context-dependent
manner. As mentioned in the Introduction, no signiﬁcant, accession-
independent differences in transcriptional proﬁles were detected
between diploids and tetraploids in A. thaliana leaves [15]. If so, what
accounts for the differences in the accumulation of tyramine and
indol-3-ylmethyl-GSL between diploid and tetraploid leaves? Does
cell size have a secondary effect on their levels or is post-
transcriptional control involved in the regulation of the biosynthesis
of these compounds? Why do these effects differ between species
and organs? Further studies are necessary to answer these
questions.
5. Conclusion
Here we carried out metabolome analyses between newly
created tetraploids and the parent diploid in the Columbia accession
of A. thaliana and P. communis var. sativa. Only small numbers of
metabolite species differed in amount between diploids and
tetraploids in both species, but the differences were not reproducible
among growth conditions and species, strongly indicating that
metabolite content is not universal nor the direct target of
polyploidy-dependent changes. Instead, reported hyperaccumula-
tion of metabolites in autopolyploids may be the result of secondary
natural selection.
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